I assess the population health effects in Malaysia of air pollution from a widespread series of fires that occurred in Indonesia between April and November of 1997. I describe how the fires occurred and why the associated air pollution was so widespread and long lasting. The main objective is to uncover any mortality effects and to assess how large and important they were. I also investigate whether the mortality effects were persistent or whether they represented a short-term, mortality-harvesting effect. The results show that the smoke haze from the fires had a deleterious effect on the health of the population in Malaysia.
etween April and November of 1997, a widespread series of forest fires in Indonesia threw a blanket of thick, smoky haze over a large portion of Southeast Asia. The smoke covered Indonesia, Malaysia, Singapore, and Brunei, as well as southern Thailand and the Philippines, and persisted for several months. The fires and smoke represented a major environmental disaster. The fires destroyed a large amount of rain forest (Liew et al. 1998 ), contributed to a significant release of greenhouse gases (Levine 1999) , and resulted in the loss of habitat for threatened or endangered species of plants and animals (see, for example, Curran et al. 2000) . They also led to adverse economic impacts through the destruction of commercial timber, plantations, and farmland; a reduction in tourism; the temporary shutdown of commerce, industry, and travel; and an increase in health care costs (Glover and Jessup 1999) .
In this article, I describe how the forest fires occurred and why the effects were so widespread and long lasting. The main focus is on assessing the population health effects of the air pollution generated by the fires. The objective is to determine whether there were mortality effects and to assess how large and important they were. No appropriate data on morbidity or health status are available to examine effects other than mortality. I also investigate whether the mortality effects were persistent or whether they represented a short-term, mortality-harvesting effect.
I examine the mortality effects in Malaysia that were due to smoke from the forest fires that occurred mainly in Indonesia. The availability of data and the nature of the event introduce this interesting international dimension. The search for effects of the smoke haze in Malaysian cities several hundred miles from the fires suggests a minimum bound to the effects in Indonesia itself. The lack of appropriate health or mortality data for Indonesia means that the effects of air pollution cannot be evaluated satisfactorily in the areas where they are likely to have caused the greatest harm.
The 1997 Southeast Asian forest fires were unprecedented in terms of the area of land burned, the amount of smoke generated, and the size of the population living in areas affected by the smoke. However, they were not a unique event. Similarly severe fires occurred there in previous years-and in subsequent years-as well as in other places around the globe, including Brazil and Mexico, the same year. What distinguished the 1997 forest fires in Southeast Asia were their intensity and duration, as well as the large population that was affected by the smoke.
There are a host of factors that explain the occurrence of forest fires in Indonesia in 1997. As with the occurrence of large-scale environmental degradation in other settings, some direct or contributing causes are demographic, including population pressure associated with rapid rates of population growth and specific patterns of migration and resettlement. These factors-and others-have contributed to rapid rates of deforestation, but local land-clearing practices and policies regarding the management of natural resources appear to have played a central role. The relative importance of the various contributing causes and the specific role of demographic factors are not well understood in Indonesia or in other settings (Palloni 1994) .
I begin by describing the forest fires in Southeast Asia in 1997 and then briefly review the relationship between air pollution and health outcomes found in previous studies. I then describe the data on air pollution and mortality and the main modeling issues. The results provide evidence of mortality effects of the smoke haze caused by the forest fires. A high air-pollution day associated with the smoke haze increased the total allcause mortality by roughly 20%. Higher mortality was apparent in two locations-Kuala Lumpur and Kuching-and affected mostly the elderly. In Kuala Lumpur, nontraumatic mortality among the population aged 65-74 increased about 70% following a day of high levels of air pollution. This effect was persistent; it was not simply a moving forward of deaths by a couple of days. This finding suggests that there were real and serious health effects of the smoke haze.
FOREST FIRES IN SOUTHEAST ASIA
Fires to clear forest and brush have been an annual occurrence in Indonesia for generations. When land clearing was limited, such as with shifting agriculture, the effects were small. In the past 15 years, however, the amount of land clearing has increased as largescale rubber and oil palm plantations emerged and used burning as an inexpensive method of clearing vast areas (Brauer and Hisham-Hashim 1998) . The earliest reports of regional biomass smoke date back to 1982, with additional episodes reported in 1986, 1991, and 1994 . The fires that occurred in 1997 were by far the worst ever. The forest fires and smoke were concentrated during the intermonsoon dry season of July to October, when land is cleared before planting and during which weak Southeast winds predominate (Nichol 1998) . Once the forest fires were started, they could not be put out easily. Rather, it was only the arrival of the seasonal rains that extinguished them.
The fires were concentrated in the Indonesian provinces of Sumatra and Kalimantan, but fires also occurred in Irian Jaya, Sulawesi, Java, Sumbawa, Komodo, Flores, Sumba, Timor, and Wetar and in the Malaysian and Bruneian parts of Borneo. In total, the 1997 fires burned 2-3% of the Indonesian land area Liew et al. 1998 ). 1 Using SPOT satellite images, Liew et al. (1998) estimated that the total burned area in Kalimantan and Sumatra was 45,600 square kilometers (km 2 ). 2 In these two provinces, agricultural and plantation areas accounted for 50% of the actual burned area; forest and brush, 30%; and peat swamp forest, 20% (Liew et al. 1998 ).
Causal Factors
The forest fires in Southeast Asia in 1997 were entirely man-made. The main reason for setting the fires was to clear the land of vegetation-either primary growth forest or over-1. Indonesia has a land area of about 2 million square kilometers. Approximately 60% of Indonesia's land is forested; it contains over 10% of the world's rainforest and about 40% of the rainforest in Asia. Indonesia ranks third in rain-forest area, after Brazil and Congo.
2. Liew et al. (1998) estimated the burned area to be 30,600 km 2 in Kalimantan (total area 539,460 km 2 ) and 15,000 km 2 in Sumatra (total area 473,606 km 2 ). growth-for shifting agriculture, plantations, or transmigration-program settlers. Fires were often used to resolve land disputes and, in particular, to drive off settlers. Although the fires were originally blamed on slash-and-burn farmers, examinations of satellite images have shown that large plantation companies, many with ties to the Suharto government, used the fires to clear vast areas of land (Kassim 1997; "Pollution" 1997) . The land was then planted with trees for rubber, timber (for pulp and paper), and palm oil. Plantations generally burned marginal land that had already been logged, whereas slash-andburn farmers and the transmigration-program settlers often burned primary forest. Burning is a cheap, fast, and efficient method for clearing land.
Although there have been no detailed studies of the structural determinants of the fires in Southeast Asia in 1997 or other years, various causal factors are likely to be important. Among the principal influences on Indonesian deforestation are demographic factors; governmental policy and its enforcement; and political, social, and legal institutions. Of particular concern is the role of population processes, although causal factors tend to operate in combination with each other. The growing size and density of the population, as well as migration and settlement patterns, are potentially important determinants of deforestation. However, Palloni's (1994) literature review suggested that other factors are likely to be more critical than population; in particular, the effects of population have not been demonstrated convincingly in the existing literature. Nevertheless, slower population growth would reduce pressure on the environment and may provide the room to develop policies and institutions to protect the environment (National Research Council 1986) .
National economic policy in Indonesia-epitomized by the Transmigration Program-favors the extensive utilization of unused resources, especially underpopulated land. The Transmigration Program emerged as a response to rapid rates of population growth and uneven population distribution in Indonesia (Fearnside 1997) . The goal of the program has been to move approximately half a million people a year from the densely settled islands-Java and Bali, in particular-to sparsely settled areas in Sumatra, Kalimantan, and Irian Jaya. This program requires an infrastructure of roads and transportation to open up new areas and a large infusion of capital for enterprises and settlement. Alternative development models that promote agricultural intensification, rather than extensification, may be more sustainable. The Transmigration Program has selected destination sites that are of questionable agricultural value. For instance, the remote peatlands of Riau and Jambi provinces in Sumatra and of southern Kalimantan are major transmigrant destinations. However, the peatland environment is of questionable agricultural value-especially because migrants do not know how to farm it (Nichol 1998) .
The management of natural resources is another important causal factor that reflects the role of governmental policy. In Indonesia, the central government owns and manages all the country's forests. Management occurs through the design and enforcement of specific policies and regulations, such as logging concessions, property rights, land tenure, and the use of fires to clear land. Political factors are potentially important in this regard, as is demonstrated by concessionaires' ties to the former president, Suharto. Although the use of fire was banned in 1995 (as a result of the 1994 fires) this law has not been widely enforced and hence has had little effect. Technology may play a role in the effective use of natural resources; especially relevant are technological alternatives to fires for converting marginal land to agricultural or plantation use.
Other potentially important factors include political, social, and legal institutions. Forest fires represent a failure of these institutions. An institution that is likely to be of particular importance is land tenure. Most fires occurred in areas with joint landownership (Nichol 1998) . The lack of clear land-tenure laws, uncertain land status, and poor relationships among concessionaires, migrants, and local people all contributed to the intentional starting of fires ). In Indonesia, although the forests are government owned, local people have easy access to forests and use forests as their own resource. Traditional adat law, which governed the use of forest lands until the past few decades, has clashed with more recent logging concessions handed out by the government. The arrival of concessionaires has been associated with restrictions on local people's use of the forests, with little attention paid to traditional, albeit informal, land rights. Burning is used as a weapon by both sets of claimants. Owners of small farms sometimes burn trees planted by big forestry companies, and large firms have, in turn, burned land to drive out small landholders. The rise of tree plantations is seen by some as the most powerful force behind the conversion of forest lands in Sumatra and Kalimantan (Schweithelm and Glover 1999) .
In addition to the causal factors just discussed, there were three important contributing factors that affected the severity and duration of the fires in 1997. The first was the presence of the El Niño Southern Oscillation (ENSO) phenomenon, associated with the warming of the waters of the equatorial Pacific Ocean. ENSO led to unusual weather patterns around the world and, in particular, to a severe drought in Southeast Asia. ENSO delayed the northeast monsoonal weather pattern, which let the fires burn several months longer than usual (Brauer and Hisham-Hashim 1998) . The drought in 1997 was said to have been the worst in 50 years (Mydans 1997) . The effect of ENSO, however, was to exacerbate the fires that were being set, not to cause the fires themselves.
A second contributing factor was the peat deposits that cover the topsoil in parts of Sumatra and Kalimantan, which can be as deep as two to three meters. Peat is a mixture of decaying organic matter, such as roots, tree branches, and leaves. Generally, it is a poor soil for farming, although areas with peat soils are important destinations for the Transmigration Program. During periods of prolonged drought, the peat dries and can combust readily. It burns easily and spreads fire quickly, usually underground. Smoldering peat can burn at depths of up to two meters, which makes it difficult to extinguish. Only heavy rainfall can put out the smoldering fires. Burning peat also emits larger amounts of smoke than the burning of other forms of biomass. Finally, seams of coal near the surface have also caught fire and may smolder for a long time. Some coal seams that caught fire during the early 1980s are still smoldering.
Smoke Haze From Forest Fires
The smoke from the forest fires traveled across the Southeast Asian region, reaching all the way to southern parts of Thailand and the Philippines but with the most severe effects being felt in Singapore, Malaysia, and Brunei. Of course, the smoke in Indonesia itself was tremendous, although Java, with 115 million people, was mostly spared because of the prevailing winds. Nevertheless, about 70 million people were affected.
The ENSO phenomenon that led to drought conditions in Southeast Asia was also associated with high pressure over the region that prevented the smoke from dissipating and caused it to spread into relatively thin layers of great horizontal extent while maintaining its concentration (Andreae 1990) . When the smoke reached urban areas, it often led to an atmospheric inversion, trapping emissions from cars and factories and thereby multiplying any negative health effects.
The smoke haze from the forest fires lasted from late July to December 1997. Little could be done to combat it once the fires were raging. The air pollution subsided only after the arrival of the monsoons. During the peak period of haze in September 1997, the ambient air pollution concentrations in Kuching, in Sarawak, Malaysia, reached 930 micrograms per cubic meter (µg/m 3 ), an astonishingly high level more than 10 times higher than normal (Brauer and Hisham-Hashim 1998; World Health Organization 1998) . In many other cities in the region, air pollution indexes repeatedly reached unsafe levels. During periods of severe air pollution, schools, factories, and offices were closed, and people-especially children, the elderly, the sick, and the infirm-were advised to stay indoors and restrict their activities. Face masks were also distributed, although their use probably had little benefit. People who could leave the area, including many foreign nationals, did so. Nevertheless, in Indonesia at least, reports indicated that many people viewed the smoke haze as a nuisance, rather than as a major environmental disaster and possible health hazard (Kristof 1997) .
The atmospheric pollutant that most consistently increases with biomass smoke is suspended micro-particulate matter. These small, solid combustion particles comprise organic matter; black elemental carbon (soot particles); and inorganic materials, such as potassium carbonate and silica (Andreae 1990 ). Levine (1999) identified the main gases produced during the biomass burning process as carbon dioxide (CO 2 ), carbon monoxide (CO), methane (CH 4 ), oxides of nitrogen (NO and NO 2 ), and ammonia (NH 3 ).
An analysis of smoke particulates in Kuala Lumpur during October 1997 indicated that they originated from fires in Southern Kalimantan (von Hoyningen-Huene, Schmidt, and Schienbein 1999), though at other times the predominant source was the fires in Sumatra. A separate study of the air quality in Kuala Lumpur found that the smoke haze was associated with high levels of suspended micro-particulate matter, but with relatively low levels of other gaseous pollutants, such as carbon monoxide, nitrogen dioxide, and sulfur dioxide (Awang et al. 2000; Noor 1998 ).
HEALTH EFFECTS OF AIR POLLUTION
There are possible short-term and long-term health effects of exposure to air pollution. In the short term, high levels of air pollution lead to acute conditions, such as respiratory infections, and mortality, including deaths from accidents and chronic conditions. The possible long-term health effects of exposure to air pollution are unknown and difficult to detect. The components of smoke haze, including polycyclic aromatic hydrocarbons, are known carcinogens whose effects may not be apparent for years. The consequences may be more severe for children, for whom the particulates inhaled are high relative to body size and who may be passing through critical periods of development.
Two types of studies have linked daily concentrations of ambient particulate matter to mortality. One has examined the health effects of high concentrations of air pollution-such as the killer fogs that struck London in 1952, the Meuse Valley in Belgium in 1930, and Donora, Pennsylvania, in 1948 (see Pope, Dockery, and Schwartz 1995) . The fog in London in December 1952 raised deaths over the course of a week to almost three times their usual number, from 945 during the week of December 6 to 2,484 during the week of December 13 (Schwartz 1994b) . Many of the deaths were due to respiratory and cardiovascular disease and were concentrated among the elderly. In my analysis, I searched for mortality effects associated with a large increase in air pollution in various cities in Malaysia. However, I expect these effects to be of a much smaller magnitude than the "killer fog" type of effect.
The second type of study of air pollution and mortality has considered the effects of moderate levels of air pollution, such as those that are currently experienced in urban areas of the United States and elsewhere (for a review of this literature, see Bascom et al. 1996a Bascom et al. , 1996b Dockery and Pope 1994) . These studies have found a clear relationship between air pollution and daily mortality. Especially strong effects have been found for suspended micro-particulate matter, the principal component of smoke haze; there is little apparent confounding by sulfur dioxide or other gaseous pollutants. Previous studies have reported no threshold effects, although the evidence supporting the conclusion that the health effects are similar at high and low levels of pollution is not clear cut. Studies in a variety of different locations have found the dose-response relationship to be relatively stable across study sites. However, there have been relatively few such studies outside North America and Europe.
There are several unresolved issues concerning whether the relationship between PM 10 and mortality is causal . Two that are particularly relevant to this study are understanding individual exposure to air pollutants and estimating the burden of premature death. 3 Regarding the first issue, data on the concentration of air pollution from area monitors are often used as a proxy for individual exposure. An important question is the extent to which use of these data leads to valid inferences. For this study, the relationship between air pollution and mortality may be affected by behavioral responses to episodes of smoke haze. These responses may include more time spent indoors rather than outdoors, the use of face masks and air conditioning, and reduced activity levels, all of which were recommended by the government following alerts of high levels of air pollution. As in the more general case, measurement error associated with differences between personal exposure and ambient pollution levels leads to attenuation in the size of the estimated effects . However, studies drawing on individual-level exposure data suggest that the magnitude of this bias is likely to be small .
The burden of premature death associated with air pollution depends on the magnitude of harvesting effects. The issue can be understood best by considering a simple model used by Samet et al. (2000) and others. Suppose there are two groups in the population, the frail and the nonfrail. Normally, deaths occur only among the frail group, which is replenished each period by people transitioning from the nonfrail group. A pollution event that increases the number of deaths may deplete the pool of frail persons and lead to fewer deaths on subsequent days. In this situation, the mortality burden is small, totaling relatively few person-days-and even fewer person-days of healthy life. Alternatively, a pollution event may lead to some deaths among the nonfrail, in which case the burden of premature death would be considerably larger.
Harvesting is a key issue and a major point of controversy in understanding the health effects of air pollution. The two prospective cohort studies of particulate air pollution and daily deaths conducted to date, the Harvard Six Cities Study (Dockery et al. 1993 ) and the Cancer Prevention Study , have found a significant long-term displacement of deaths, perhaps on the order of one to two years. The results of recent studies that have applied new analytical techniques to standard time-series mortality and air pollution data (see Zeger, Dominici, and Samet 1999) have indicated that this relationship cannot be attributed solely to harvesting effects. Despite these results, this issue is far from resolved.
A final matter concerns the effects of air pollution on health status, rather than mortality. A significant mortality effect is likely to be indicative of acute morbidity effects, regardless of whether the mortality effect is of a short or long duration. The presence of mortality effects thus serves as a sentinel indicator for other correlated-but unmeasured-morbid outcomes.
Recent studies in the region have examined possible health effects of the 1997 forest fires. Some negative health effects have been found in Malaysia (World Health Organization 1998). For example, outpatient visits in Kuching, Sarawak, increased two to three times during the peak period of smoke haze, and outpatient visits for respiratory disease at Kuala Lumpur General Hospital increased from 250 to 800 per day. Effects were found to be greatest for children, the elderly, and people with preexisting respiratory problems. Suggestive data were assembled that indicated an increase in cases of asthma, acute respiratory infections, and conjunctivitis from August to September 1997 at a number of major hospitals in Kuala Lumpur (Brauer and Hisham-Hashim 1998) . Similar findings were reported for the state of Sarawak and for Singapore. In Singapore, an increase in levels of micro-particulate matter (PM 10 ) from 50 to 150 µg/m 3 during the last week of September 1997 was associated with a 12% increase in cases of upper respiratory-tract illness, a 19% increase in cases of asthma, and a 26% increase in cases of rhinitis, based on health surveillance data from clinics (World Health Organization 1998). There were, however, no significant increases in hospital admissions or mortality. Studies such as these of health-seeking behavior or diagnoses based on visits to health facilities suffer from unknown selection effects. For example, the publicity associated with the smoke haze may have led to greater health care-seeking behavior and to more diagnoses because of the heightened awareness of symptoms among both patients and health care providers. Unfortunately, no population-based morbidity measures were collected during this period in Singapore or Malaysia. Finally, it is important to note that no data or studies are available for Indonesia, the country that was most affected by the forest fires and smoke.
DATA
Data for this study were assembled from several different sources. Mortality data came from Malaysian vital statistics records. Information on the air quality in the capital city, Kuala Lumpur, was obtained from daily measurements made by the Malaysian Meteorological Bureau. Climate data were extracted from the U.S. National Oceanic and Atmospheric Administration's Global Weather Station Database.
The mortality data consist of individual records, with information on age, sex, and cause of death. Coding for cause of death is based on the ninth revision of the International Classification of Disease (ICD-9) and a single, primary cause is recorded. Information was obtained on all deaths over the period 1994-1997 in several major Malaysian cities, including Kuala Lumpur, Kuching, Johore Bahru, Penang, and Ipoh. A total of 52,742 deaths are included in the mortality database. Vital registration is complete in Malaysia and the data are recognized to be of a generally high quality. However, as I explain later, there are some possible shortcomings in the quality of the cause-of-death classification for Kuala Lumpur.
In Table 1 , I present summary statistics covering several different mortality measures for Metro Kuala Lumpur, which includes the federal territory that is the capital of Malaysia but none of the surrounding areas. The population of Metro Kuala Lumpur in 1994 was estimated to be 1.7 million, while that of Greater Kuala Lumpur was about 2.5 million people. The mean number of daily deaths in Kuala Lumpur is 16.1. This relatively small number is a consequence of the low crude death rate of Malaysia. At 4.5/1,000, the crude death rate for Malaysia is about half the value in the United States and reflects the fact that Malaysia has a relatively young population and low mortality rates at each age. In particular, the infant mortality rate in Malaysia is 8.3 per 1,000 live births, and life expectancy is 70 years for men and 75 years for women. The row showing nontraumatic deaths removes those that are due to external causes, such as accidents and injuries (ICD-9 codes E800-E999). Nontraumatic deaths are further divided into three categories: deaths due to cardiovascular disease, respiratory disease, and other causes. 4 Exposure to air pollution is expected to increase the number of daily deaths due to cardiovascular and respiratory disease. The final panel in Table 1 shows the number of deaths by four age categories: less than one year, 1-64 years, 65-74 years, and 75 years and older. The effects of air pollution are expected to be concentrated among infants and the elderly.
There were a larger proportion of deaths from undetermined causes in Kuala Lumpur than in other Malaysian cities. In Kuala Lumpur, 17% of the deaths were classified under the ICD grouping "Symptoms, Signs, and Other Ill Defined Conditions," compared with only 3% of the deaths in Kuching. The proportion of deaths from ill-defined causes rises with age in Kuala Lumpur: among the very old (aged 75 and older), almost half the deaths (47%) were in this residual category. In contrast, this residual category accounted for 4% of the deaths to those younger than 65 years and 15% to those aged 65-74. According to the Malaysian government statisticians, deaths from ill-defined causes are due to unascertained causes, respiratory failure with no mention of any specific cause, senility, and pyrexia of unknown origin. A consequence is that I was unable to undertake a detailed analysis of the relationship between air quality and cause of death for Kuala Lumpur.
The Malaysian Meteorological Bureau provided data on average daily concentrations of suspended micro-particulate matter for Kuala Lumpur for the period 1996-1997. The specific measure that was available was the concentration of micro-particulates of diameter less than 10 microns (PM 10 ). 5 Climate data were extracted from the Global Weather Station Database, which is assembled by the National Climatic Data Center of the U.S. National Oceanic and Atmospheric Administration. This database draws on weather data that are collected routinely at weather stations around the world. The stations in Malaysia and elsewhere are principally at airports. The database includes measures of temperature, humidity, precipitation, wind speed and direction, and visibility. I extracted data for the period 1994-1997. Visibility provides an alternative-though somewhat less sensitive-measure of air quality. Table 2 presents summary statistics for the weather and air quality in Kuala Lumpur for the period 1996-1997. Malaysia is located near the equator, and there is thus little annual variation in temperature or dew point (a measure of humidity). The average daily PM 10 level for this period was 64.2 µg/m 3 , which was higher than the recommended level of 50 µg/m 3 established as the U.S. National Ambient Air Quality Standards for PM 10 by the U.S. Environmental Protection Agency (EPA) in 1987. Also note that at the upper end of the distribution, there were a number of days for which the average PM 10 level in Kuala Lumpur exceeded the maximum EPA recommended concentration for a 24-hour period of 150 µg/m 3 . In comparison, the mean PM 10 concentration for Los Angeles was 33 µg/m 3 in 5. Ten microns is 1/100 of a millimeter, which is roughly one-seventh the width of a human hair. 1997, and there were no days on which it exceeded 150 µg/m 3 (Environmental Protection Agency 1998). Figure 1 shows the PM 10 levels for Kuala Lumpur for the period 1996-1997. Dramatically visible in this figure is the spike in PM 10 levels at the end of 1997, brought about by the forest fires in Indonesia. A second measure of air quality in Table 2 is the mean daily visibility in kilometers. Figure 2 is a graph of the reciprocal of visibility over the entire four-year period for which daily mortality data are available. Two spells of poor visibility are apparent in Figure 2 . The first corresponds to the forest fires that occurred in fall 1994, and the second matches the fires in 1997 that are captured with the PM 10 measure.
MODELING ISSUES
The modeling approach follows closely the current standard in the literature for studying the effects of air pollution on daily mortality (see Samet, Zeger, and Berhane 1995) . The goal is to estimate the percentage change in daily mortality from a change in the (lagged) air pollution measure. Poisson regression is appropriate for modeling y t , the count of deaths occurring on day t, because the daily counts are a set of nonnegative integers. One relevant property of the Poisson distribution is that the mean is equal to the variance. This property reflects the fact that the variability of the count of daily deaths tends to increase with the mean number of daily deaths.
I modeled the logarithm of the mean daily mortality count-and the variance of daily deaths-as a linear function of a vector of covariates, x t : log(µ t ) = log(E(y t )) = x′ t β β. Each element of β β, the vector of estimated regression coefficients, represents the log of the mortality rates for two days that differ only with respect to a one-unit change in the corresponding covariate; exponentiated parameter estimates are interpreted as relative risks.
There are two statistical issues that may affect the results. First, the variance of daily mortality may exceed the mean, a situation known as overdispersion. It may arise because of the effects of unmeasured factors that are excluded from the model, such as the occurrence of an infectious disease epidemic. Second, mortality counts on neighboring days may be more closely related to each other, either positively or negatively, than counts on days further apart in time. A positive correlation may be caused by neighboring days having similar levels of smoke haze, weather, and other causal factors. A negative correlation, on the other hand, may be the result of harvesting-type effects, whereby high mortality on one day is balanced by lower mortality on subsequent days-in essence, a posi- tive mortality shock is recouped over time. The presence of autocorrelation, as this phenomenon is known, may also reflect the effects of unmeasured factors.
To address the problem of overdispersion, I assumed that the variance is proportional to the mean, rather than equal to the mean. I specified a time-invariant constant of proportionality, φ, such that var(y t ) = φµ t . I estimated φ and used it to adjust the standard errors for the estimated parameters.
To account for autocorrelation, I adopted the generalized estimating equation (GEE) approach of Liang and Zeger (1986) . GEE provides a general method to account for the correlation between observations in generalized linear models, such as the Poisson model. GEE models are marginal models, in which the marginal expectations (that is, the average response for observations sharing the same covariates) are modeled as a function of explanatory variables.
Under the GEE approach, I estimated β β by solving the generalized estimating equation (∂µ µ′/∂β β)V -1 (y -µ µ(β β)) = 0.
(1)
The covariance matrix V is unknown, and must be modeled to estimate the parameters β β efficiently and to obtain corrected standard errors. I modeled V as V A = A 1/2 R(α α)A 1/2 , where A is a diagonal matrix with elements var(y t ) = µ t that are weighted by the estimate of overdispersion, φ. The working correlation matrix R(α α) captures the autoregressive process of order q. This process can be written as u t = α 1 u t -1 +...+ α q u t -q + a t , where the terms a t are independent with zero mean. The parameters α 1 ,...,α q are estimated using the are calculated from these estimated parameters. With a first-order autoregressive process, the elements of R(α α) are equal to 1 along the diagonal and α |t -s| for the off-diagonals. This model assumes that the correlation between two mortality counts, y t and y s , depends only on the time between the two observations. This correlation may also depend on their means, µ t and µ s ; however, in this case, the process would be nonstationary and difficult to estimate. I assumed that the data followed a low-order autoregressive process and experimented with autoregressive processes of varying order to assess the sensitivity of my results.
Because V is unknown and is approximated by an estimate, V A , there are a couple of possible sources of error. First, the correlational structure represented by the autoregressive process of order q may, in fact, be nonstationary, in which case the parameter estimates will be inefficient. Second, the model-based variance estimates for β β that I report are the GEE equivalent of those based on the inverse of the Fisher information matrix. These variance estimates are consistent when the model is correctly specified. The alternative is to use the empirical variance estimates. 6 The empirical estimates are asymptotically unbiased, but may be highly biased when the number of clusters is small-as would be the case here because I had only a single time series per city. On the other hand, the model-based variance estimates that I used have better properties when the number of clusters is small, even if the working correlation matrix, V A , is misspecified. Covariates that were included in all the models are weather terms (temperature and a measure of humidity), seasonal terms, and controls for longer-term trends in mortality or population that are unlikely to be related to air pollution. Factors within the study area that were likely to remain constant-or change only slowly over time-were not included in the models and were picked up by the time trend. They included average health status, the prevalence of health-related behaviors such as smoking, access to and use of medical care, time spent outdoors, occupation, income, and housing characteristics such as crowding or air conditioning. I omit a detailed discussion of the results of these covariates in the next section and focus instead on the effects of high levels of air pollution associated with the smoke haze.
RESULTS
The first set of results that I present are the effects of the smoke haze on mortality for Kuala Lumpur. For this city, I had two air pollution measures, PM 10 and visibility, to identify the periods of severe smoke haze. The PM 10 data, representing the best measure of air pollution, cover the period 1996-1997, while the visibility data are available for the period 1994-1997. I next look at the effects of smoke haze on daily mortality for other Malaysian cities, using visibility-based measures alone. Finally, I investigate the cumulative lagged effects of exposure to the smoke haze over several days and weeks. Before I turn to a detailed presentation of the results, I discuss several model-specification issues.
Model Specification
The four model-specification issues that I address are the indicator of exposure to smoke haze, the sensitivity of my main results to how this indicator is defined, the nature of autocorrelation in the data, and the age groupings that I used.
The regression results focus on the one-day lagged effects of high levels of smoke haze. My choice of using a one-day lag was based on a preliminary analysis that found the clearest and most consistent effects emerging with this measure. In addition, a oneday lag is used in much of the literature in this field. Substantively, the one-day lagged effects suggest that the smoke haze has a nearly immediate initial impact on health status. Later in the article, I examine how mortality is affected by longer lagged values of high air pollution.
My best measure of smoke-haze levels is PM 10 , and an exploratory analysis indicated that the strongest mortality effects of the smoke haze emerged when PM 10 concentrations exceeded 210 µg/m 3 . There were a total of 13 of these days over the two-year period 1996-1997. Although this cutoff does not have obvious substantive significance, it clearly identified high air-pollution days associated with the smoke haze from the Indonesian forest fires. I settled on a categorical indicator of exposure to high levels of smoke haze because I found evidence of nonlinear effects (described later). The construction of a categorical indicator also allowed me to calibrate the PM 10 -based measure of air pollution with one based on visibility. In particular, the cutoff used to identify high air-pollution days based on PM 10 levels can be translated into a cutoff based on visibility levels, which can be applied to the longer time-series data for Kuala Lumpur, as well as data for other Malaysian cities.
The presence of nonlinear effects is an unresolved issue in much of the literature on the short-term effects of air pollution (Samet et al. 1995) but is quite clear here. To illustrate the presence of nonlinear effects, in Table 3 , I compare the one-day lagged effects of a high smoke-haze day (PM 10 > 210 µg/m 3 ) on mortality that was due to nontraumatic causes among residents of Kuala Lumpur aged 65-74 using a continuous and a discrete measure of air pollution. The results based on the discrete measure indicate a relative risk of 1.70 associated with a high air-pollution day, which is roughly twice as large as the relative risk of 1.40 associated with the continuous measure. This finding suggests that nonlinear effects are important. However, estimating the shape of the nonlinear effects was not the focus of my analysis and would have led to unnecessarily complicated models. The categorical indicator offered me a simpler interpretation for the central results. The continuous and discrete effects are not significantly different in the statistical sense and are qualitatively similar.
The results are not sensitive to the exact PM 10 threshold chosen to identify high airpollution days, as long as this threshold is above approximately 200 µg/m 3 . Thresholds below this level are associated with mortality effects that are of a smaller magnitude and lower statistical significance. I illustrate this finding in Table 4 , which shows the one-day lagged effects of a high air-pollution day on nontraumatic mortality for the age group 65-75 years in Kuala Lumpur using a range of threshold values for PM 10 . The results show that significant mortality effects are present over a fairly wide range of threshold values, when these values exceed 200 µg/m 3 . Similar results hold for other mortality measures and for other age groups. Using visibility to identify high air-pollution days results in greater robustness to the exact threshold chosen, owing to the longer period covered by this measure.
The results I present are based on models that account for first-order autocorrelation. To investigate the sensitivity of my results to this specification, I estimated all the models with autocorrelation of orders 2 and 3 and no autocorrelation. The results (available on request) show that the effects of a high air-pollution day are attenuated only slightly-if at all-with a control for autocorrelation and change little with higher-order autocorrelation. The level of statistical significance is, in virtually all the cases, the same across these different models. The autocorrelation parameters are negative in sign and small in magnitude, falling in the range of -0.10 to 0. This negative autocorrelation indicates that there is some displacement of mortality among neighboring days because of harvesting-type effects. However, it does not provide an estimate of the magnitude of this displacement because the autocorrelation parameters also reflect offsetting effects that are due to positive autocorrelation in weather and air pollution, which are high: the firstorder autocorrelation for PM 10 is 0.8 and for temperature, 0.5.
Finally, my analysis examines mortality effects for four age groups: less than one year, 1-64 years, 65-74 years, and 75 years and over. These age groups correspond to Notes: Models control for weather conditions (temperature and humidity), a time trend (capturing changes in population and mortality), overdispersion, and first-order autocorrelation. The PM 10 measure is lagged one day. a A high air-pollution day is defined as having PM 10 > 210 µg/m 3 . b Mean PM 10 is 60.60 on low air-pollution days and 305.93 on high air-pollution days for a difference of 245.33. This leads to an effect of exp(245.33 × 0.00136) = 1.40.
those used in published studies and focus attention on deaths at the youngest and oldest ages, where the effects of exposure to air pollution are likely to be strongest. Choosing different age categories would not alter the results that I report. More generally, with only one or two exceptions (mentioned later), my results show little sensitivity to the exact specifications that I chose. Table 5 presents the estimated mortality effects in Kuala Lumpur of a high air-pollution day (PM 10 > 210 µg/m 3 ) associated with the smoke haze from the Indonesian forest fires. The parameters in the table are relative risks. Thus, the first entry indicates that a high air-pollution day is associated with a relative risk of 1.19 for mortality from all causes Notes: Standard errors are in parentheses. Models control for weather conditions (temperature and humidity), a time trend (capturing changes in population and mortality), overdispersion, and first-order autocorrelation. and across all ages. This effect is significant at the .10 level. The columns in Table 5 show effects for total mortality, nontraumatic mortality (which removes deaths that were due to accidents and injuries), and mortality that was due to cardiovascular disease, respiratory disease, and other causes. The rows show the effects across all ages and for age groups under one year, 1-64 years, 65-74 years, and 75 years and above.
PM 10 Models for Kuala Lumpur
The first finding that is apparent in Table 5 is that no estimated parameters are shown for deaths from cardiovascular and respiratory causes. These results were omitted because the models do not fit the data and there are no significant regression coefficients, primarily owing to the shortcomings in the quality of the coding of cause of death in Kuala Lumpur discussed earlier. Table 5 shows that for the entire population, deaths from nontraumatic causes are 19% higher after a high air-pollution day, and this effect is statistically significant at the .10 level. Mortality from nontraumatic causes is the best overall measure to focus on because the effects of accidents and injuries (which together constitute traumatic mortality) could reasonably be positively or negatively associated with the smoke haze. Substantively, the most important pattern in the table is the concentrated mortality effect on people aged 65-74. On the day after a high air-pollution episode, all-cause mortality for ages 65-74 increases by 56%, and deaths that are due to nontraumatic causes increase by 70%. Deaths from nontraumatic causes other than cardiovascular and respiratory factors are also significantly higher, but these effects are difficult to interpret, given the problems with cause-of-death coding. Finally, high air-pollution days are consistently associated with increased mortality for those aged 75 and over, but these effects are relatively modest and statistically insignificant.
VISIBILITY MODELS FOR KUALA LUMPUR
Using information on visibility to identify days with high air-pollution caused by the smoke haze allowed me to include two additional years of data in my analysis. Based on the level of PM 10 chosen for the analysis, I determined the corresponding cutoff for vis- Notes: Standard errors are in parentheses. Models control for weather conditions (temperature and humidity), a time trend (capturing changes in population and mortality), overdispersion, and first-order autocorrelation.
ibility of approximately 0.91 km. This cutoff yielded a total of 14 low-visibility days associated with the smoke haze for the period 1994-1997. The values of PM 10 and inverse visibility are highly correlated (ρ = .83).
With the longer window for studying the relationship between the smoke haze and mortality, several new findings emerged (see Table 6 ). First, the risk of death for infants is significantly higher following a high air-pollution day for total, nontraumatic, and "other" mortality. For nontraumatic infant mortality, a high air-pollution day is associated with a 62% increase in the risk of death, and this effect is significant at the .05 level. There are too few infant deaths from cardiovascular or respiratory causes to model these outcomes. The results for infants are somewhat sensitive to selecting a lower cutoff when classifying days as having high levels of air pollution. In particular, reducing the cutoff moderately can reduce the magnitude of these mortality effects and their statistical significance. Second, mortality effects for the all-age and elderly (ages 65-74) groups are quantitatively and qualitatively similar to those based on the PM 10 measures. With these data, it is possible to estimate models for deaths from cardiovascular and respiratory causes, although the caveats regarding the unassigned causes of death continue to hold. The risk of death from cardiovascular causes for individuals aged 65-74 is twice as high on days following a smoke-haze episode, and this effect is significant at the .01 level. Positive but insignificant effects for mortality that is due to respiratory causes emerged for individuals aged 65-74 and for those aged 75 and above and for mortality from cardiovascular and respiratory causes for individuals of all ages.
For both the PM 10 and visibility models, deaths that are due to "other" nontraumatic causes (excluding cardiovascular or respiratory mortality) are significantly higher following a high air-pollution day. This finding holds for models based on all-age mortality and mortality among individuals aged 65-74 years; for infants, a significant effect emerges only in the visibility models. In exploring the specific causes of death that underlie these significant effects (results not shown), I found that the causes of death that emerged as Notes: Standard errors are in parentheses. Models control for weather conditions (temperature and humidity), a time trend (capturing changes in population and mortality), overdispersion, and first-order autocorrelation.
important were chronic conditions, such as genitourinary causes (especially kidney disease), and neoplasms; perinatal causes were important for infants.
Visibility Models for Other Malaysian Cities
I next turn to the effects of the smoke haze on daily mortality for major Malaysian cities other than Kuala Lumpur. The analysis for Kuala Lumpur allowed me to identify the threshold below which low visibility from smoke haze may be associated with higher daily mortality, calibrated on the basis of corresponding PM 10 levels. Using this same visibility threshold, I examined the effects of smoke haze on daily mortality in four other cities in Malaysia. Table 7 shows the mean number of daily deaths and the total number of days with visibility less than 0.91 kilometers for Kuala Lumpur and the four other cities: Johore Bahru, Ipoh, Kuching, and Penang. Johore Bahru is on the southern tip of Peninsular Malaysian, across a narrow strait from Singapore; Ipoh is in central Peninsular Malaysia, north of Kuala Lumpur; Kuching is located in Sarawak, on the Malaysian portion of Borneo; and Penang is an island off the coast of northwest Peninsular Malaysia. Although Kuching had the lowest mean daily deaths of this group, it had the largest number of low-visibility days. Kuching, a city of approximately 400,000 people, is located directly downwind from the Indonesian province of Kalimantan, one area where the forest fires were concentrated.
Other than Kuala Lumpur, Kuching is the only city for which significant effects of the smoke haze on mortality emerged. There are many reasons, apart from the small number of low-visibility days, why significant mortality effects were not apparent in the other cities. One is that visibility is not an ideal indicator: especially when compared with PM 10 , it is imprecise and is subject to uncertain measurement error. Even with a better measure of air pollution, however, the topography and physical layout of each city may affect the relationship between air pollution and mortality in unknown ways. Finally, the sources of emissions may determine the effects of air pollution on mortality. That is, with the same visibility level, there may be poorer air quality in Kuala Lumpur because it is composed to a greater extent of emissions from motor vehicles and industry. Table 8 presents regression results that show the effects of the smoke haze on daily mortality in Kuching over the period 1994-1997. Three interesting patterns emerge. First, high air-pollution days are associated with significantly higher mortality from cardiovascular and respiratory causes (at the .10 and .05 significance levels, respectively) for all ages combined. Mortality that is due to cardiovascular causes is 54% higher immediately after a high air-pollution day, and respiratory mortality is twice as high. Second, there is a consistent pattern across age groups of an association between exposure to smoke haze and increased respiratory deaths. For each age group other than infants, high air-pollution days are associated with higher mortality that is due to respiratory causes, although the effects are significant (at the .10 level) only for those aged 75 and older. Third, mortality effects associated with a high air-pollution day are concentrated in the oldest age group, those aged 75 and older. For this group, there are significant effects (at the .01 level) for total mortality and deaths from nonexternal causes. These effects are driven, in large part, by the substantially higher risk of death from cardiovascular causes. A high air-pollution day is associated with a threefold increase in cardiovascular-related mortality. Mortality effects for deaths that are due to respiratory and other causes are positive and fairly large, although only the former effect is significant (at the .10 level). There is a notably different mortality pattern associated with high air-pollution days in Kuching than in Kuala Lumpur. In Kuala Lumpur, the effects are concentrated in the 65-74 age group, whereas in Kuching they are the greatest for individuals aged 75 and over. Several possible factors may account for these differences, including the severity of pollution, the cause-of-death structure, the quality of the data, and differential behavioral responses. The simplest explanation, however, is that although the effects of the smoke were much worse in Kuching, the remainder of the time, the air quality there is much better than in Kuala Lumpur. Thus, those who are susceptible to the effects of air pollution are likely to die at earlier ages in Kuala Lumpur, with only those who are more robust surviving to ages 75 and over. In Kuching, on the other hand, people who are susceptible to the effects of air pollution generally live longer because of the better air quality, but an episode of high air pollution takes a large toll. This interpretation is supported by the analysis of lagged effects, discussed next.
Lagged Effects
The focus of my analysis to this point has been on the one-day lagged mortality effects of high air-pollution levels, which represents the immediate consequences of exposure to the smoke haze. To investigate the possible extent to which these effects represent a longer-lasting mortality shock, I estimated models that included an extended series of lagged effects. The results of this exercise are summarized in Table 9 , which shows the longest cumulative lag that is positive and statistically significant at the .05 and .10 levels for each mortality outcome with a statistically significant short-term effect. Note that I am examining the sign and statistical significance of the sum of the coefficients for the series of estimated lagged effects. The coefficients for the lags that are being summed are both positive and negative: generally, they alternate between positive and negative, although no fixed pattern is apparent.
The results in Table 9 indicate that with the exception of mortality among the elderly aged 65-74 in Kuala Lumpur, the effects of a high air-pollution day are short-lived. In particular, higher mortality one day after a smoke-haze episode is offset by lower mortality on the following day, two days after the initial episode of high air pollution. This is the result for all-age and infant mortality in Kuala Lumpur and for elderly (aged 75 and over) mortality in Kuching. For the elderly aged 65-74 in Kuala Lumpur, however, increases in mortality resulting from a high air-pollution day are more persistent. With regard to total deaths from nontraumatic causes, the cumulative mortality effect is positive for a five-day period in the PM 10 and visibility models. The cumulative effects, however, are positive and large over much longer periods, although at lower levels of significance. In particular, the cumulative lagged effect for nontraumatic mortality among those aged 65-74 in Kuala Lumpur is significant at the .10 level over an 18-day period in the PM 10 model. Furthermore, the magnitude of the cumulative effect is only slightly smaller at 18 days than it is at 5 days.
CONCLUSIONS
The 1997 forest fires in Southeast Asia were an environmental disaster of huge proportions, in terms of their intensity, extent, duration, and the number of people affected (Brauer and Hisham-Hashim 1998; Nichol 1998; "When the Smoke Clears in Asia" 1997) . In this study, I showed that the smoke haze from these fires had a deleterious effect on the health of the population in Malaysia.
The results concerning the relationship between air pollution and mortality are consistent with those from a variety of other settings. Focusing on increases in total mortality associated with a 100 µg/m 3 increase in PM 10 concentrations-a standard measure in the literature-I found that for Kuala Lumpur, the associated relative risk is 1.07. 7 In Schwartz's (1994a) meta analysis of 13 published studies of air pollution and daily mortality in the United States and Europe, the relative risk for a 100 µg/m 3 increase in total suspended particulates (TSP) was 1.06. Using the standard conversion factor of PM 10 = 0.55 × TSP, Schwartz's estimate corresponds to a relative risk of exp[100/55 × ln(1.06)] = 1.11 associated with a 100 µg/m 3 increase in PM 10 concentrations. Studies from a variety of other settings have yielded similar results. In particular, a 100 µg/m 3 increase in PM 10 concentrations was associated with a relative risk for total mortality of 1.11 in Mexico City (Borja-Aburto et al. 1997), 1.04 in Delhi (Cropper et al. 1997 ), 1.11 in Bangkok (Ostro et al. 1999 ), 1.07 in Santiago (Ostro et al. 1996) , and 1.07 in Beijing (Xu et al. 1994) . Studies that examined cause-and age-specific mortality have uncovered larger mortality effects for older age groups and for deaths that are due to cardiovascular and respiratory factors, as I have.
A major question regarding the impact of smoke haze on health is the extent to which the increased mortality simply represented a "harvesting" effect, in which the observed deaths were displaced a few days. My results indicate that the displacement of deaths from the smoke haze was short term. However, for one segment of the Malaysian population-those aged 65-74 in Kuala Lumpur-there was an upward shift in mortality that lasted at least a few weeks. The overall mortality burden, in terms of days of healthy life lost, is nevertheless likely to be small. The mortality measures examined here, however, serve as sentinel indicators and are thus suggestive of wider short-term health impacts, particularly with respect to acute morbidity. It is difficult, though, to assess the precise magnitude and character of these health impacts without data on morbidity from an unbiased and representative sample, which were not collected. Regardless of the short-term mortality effects of high air pollution, there may be long-term health effects associated with exposure to elevated levels of air pollution over an extended period.
One implication of my results on the short-term effects of the smoke haze in Malaysia is that the effects in Indonesia itself are likely to have been tremendous. The presence of significant mortality effects in Malaysian cities that are several hundred miles away from the main fires strongly supports this notion. Unfortunately, there are no appropriate health or mortality data available for Indonesia to study this issue directly. It is possible, however, to construct visibility-based indicators of severe smoke haze (defined the same way as for Malaysia) for various Indonesian cities, although missing values are a prob-7. The first entry in Table 5 (1.19) shows the relative risk for total mortality following a high air-pollution day that is associated with an average increase in PM 10 concentrations of 245.33 µg/m 3 . I estimated that a 100 µg/m 3 increase in PM 10 concentrations is associated with a relative risk of exp[100/245.33 × ln(1.19)] = 1.07. lem. Among the stations with the least missing data, there were at least 57 low-visibility days in 1997 in Sibolga, a city in northwest Sumatra; 102 days in Rengat in Central Sumatra; and 145 days in Palangaraya in South-Central Kalimantan, compared with a total of 14 high smoke-haze days in Kuala Lumpur and 33 in Kuching in the same year.
The fallout from the fires clearly affects Indonesia's neighbors. In particular, the transboundary incidence of adverse economic effects (see Glover and Jessup 1999) and health effects (from this study) is now clear. In addition, there are global consequences of the destruction of a massive area of rainforest, huge emission of greenhouse gases, and future global warming, suggesting the need for a wider international response as well. This last point is especially important because the 1997 forest fire and smoke-haze episode were not isolated events. Large forest fires occurred in other locations around the world (though with a smaller affected population) and in previous and subsequent years in Southeast Asia. In particular, forest fires raged again in the region in 1998 and 2000 ("The Fire Next Time" 1998; "That Dreadful Smog Is Back" 2000) . In Indonesia, the poor record on the enforcement of existing policies and the absence of new policy initiatives has now been combined with major-and continuing-economic and political upheaval. These circumstances suggest that the recent disasters will probably be repeated. Successful efforts to prevent and contain forest fires, however, will have important economic and health benefits throughout the region.
